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A DETAILED DESIGN PROCEDURE FOR SOLAR

INDUSTRIAL PROCESS HEAT SYSTEMS: OVERVIEW

Charles F. Kutscher
Solar Energy Research Institute
Golden, Colorado 80401

ABSTRACT

A large number of handbooks have been writtsn on
the subject of designing solar heating and cooling
systems for buildings.

Nesizn Approaches Ffor Solar Induscri{al Process

Heat Svstems, published in September 1982, addresses
the complete spectrum of problems associated with the
design of a solar IPY system. This work presents a
hizhly genaral method, derived from computer simula~
tions, Zor determining actual energy delivered to the
process load. Also covered are siting and selection of
subsystem components, cost escimation, safety and
environmental considerations, and installacion con~
cerus. This paper is intended to give an overview of
the design methodology developed and provide some spe-
cific examples of technical issues addressed.

NOMERCLATURE
5
Ac colleczor area (m“)
A, heat exchanger area (mz)
Ca cost of collectors (S/mz)
T, cost of heat exchanger (S/mz)
FRUL product of collector heat, removal factor

and loss coefficiear (W/m“-deg C)
Fp coilector nprical efficiency

73 a correction factor which accounts for the
presaence of 1 heat eaxchanger or the
particular effects of an unfirad-boilar or
flash-gteam systam (Fg = 1L for a direct
hot water system w#ith no heat exchanger)

R Deiflnter heat exchange factor

z

I average annual {rradiation: tacal hori-
zoncal for flat plates and evacga:ed
tubes, direecr normal for troughs (W/m-)

13 heam {rradiance

:H 3lobal irradiance oan a horizontal surface

theramal capacitance of collectors

e )load thernal :apacitance load flow rata

sres Y L i i
e thermal capacitance of jiping
Me ... thermal capacitance of scorage
2R Refod o ;
V{ amber A€ davs sar vear the 3taraga tank

will Mhe thot aad lose ‘leat

Noper aunber of days of system operation per
year
&c average hourly energy collectiom (during

daylight hours) for the year (W/m*“)

de . i{deal energy collection rate Eor a solar system
with infinite storage (/= ”)

6L heat loss rate (W)

éload process load energy use rate

T, ambient temperature (deg C)

Tad average annual daytime ambient temperature
(deg C)

Tan average naighttime ambient temperature
(deg ©)

Tin load returm :emperacdre (ot saturated
steam tamperature) (deg C)

Ty ¢ load return temperature

’
Tsec temperature set point for recirculation

freeze protection (deg C)

UAi, UAO JA values of pipes 3o0inz to and from
collectors (Ni/a“=X)

g heat axchanger overall heat transfer
coefficient based on exterior tuhe surface
("1/a“~deg ¢

overall heat-loss coefficient for storage

3t
or tank (W/mz—deg c)

INTRODUCTION

In 1976, the T.S. Devartment of Znersy hegan
funding a number of solar industrial procsss heat
(IPH) field tests. SERI begaa supporting this program
in 1978 by orovidiag tachnical support during design

reviews and by specifving data acquisition (1) and
monthly performance reporting requiraments (2 2).  SERI
algo studied and reported the operational resulss of
the first seven hot watar and hot air projects (3.

To help system desizners avoid -wistakes made I
earlier orolects and iaprove the quality of cheir
designs, SERI, aftsr soliciting iaput ‘rom ocher I0OE
lahoratories and :Industrv, oublished a iocunenc con-
zaining basic qualicative desizn guidelizes ! ) The
next obvious aeed was a derailad quancita:ive d2gi2n
handbook similar *o thosa orteviously =-repared Soe
solar hot watar, space heating, and coeoliag anplica-
tinsns of buildings (for exampla, Refs. S and 3).
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needed to store load=-return fluid.) In a variable— (8) Series ’ 32
volume tank design, the proper collactor flow rate - 3
depends on the load raquirement but should he ad justed Backuo _""_"Pro‘cosss
throughout the vear as the hours of daylight change. 3oller

5team 3ystems can be configured with an unfired
Woiler or a flash zank as shown in Filgs. 22 and 2b.
In an unfired-3o0iler configuration, a high—~temperature
heat transfer fluid 1Is heatad in the collectors and
heat {s transferred to the feedwater in a boiler. In
the flash-tank configuration, pressurized water heated
in the collectors 13 passed across a throttling valve,
where it drops in prassure and flashes to steam in the
flash tank.

If storage is desired for an unfired=boiler sys-
tem, a combined oil/rock storage i3 probably best to
- save .on the costs of oil. Simulations of unfirad-
hboiler systems using parabolic troughs with the SOLIPH
computar model (L1) iadicate that tha thermocline in
such a tank improvesperformance by only about 3% over
"that of a mixed tank. This s because the recurn otl
temperature from the unfired hoiler is not usually far
below the steam saturatioan temperature, and the
efficiency of the troughs ls reslatively insensitive to
the range of temperature that the thermocline would
nrovide. A flash-tank system would not have storage
other than the small faventory in the flash tank.

The handbook also discusses how the process and
solar system can be interfaced. Using the collectors
t> preheat the auxiliary hoiler naximizes collector
efficiency. 3ecause hot watar IPH applications tyni-
cally have constant load-return temperatures, a series
configuration (or parallel with bypass) perforas
bettar than a parallel system (see Fig. 3). On the
other haad, {a an unfired-boiler system, where
asseatially no preheating {s done and most heat
transfer occurs at the saturated 3team temperaturs, a
narallal configuration is ideal.

A frequent concern in the design of solar IPH
srstems I3 that the reduced f{iring rate of the L .

auxiliary hoiler in a sarles configuration will result
in veduced efficiency. The handbook authors found, Fig. 3 g::iig:rauou of Solar IPH Systems and Backup

2‘3"?"“' that the drop in bo'ile‘r er‘fici:m:y at low savings actually increase as the minimum Yoiler firing
firing rates is verv small. In fact SOLIPH rums show rate 1s reduced because this allows cthe storage

rt 3 P B £ .
that, in a system containing storage, total fuel temperature to he drawn down lower, thershy lacreasing

(b) Seriee — Bypass

To
Backup Pracass
dailer

dypass

To
Pracess

Backup
Soder

Farapolic Trougn Exsting collector efficieney. This Ls shown far several test
Sguipment -
Sotar System Check == — cases In Fiz. 4.
el il
Y ‘\YIA |
e J
Steam | ENERGY COLLECTION/DELIVERY
Heager

Treatment hour simulation program SOLIPR for 26 TMY (Typical
Pant Meteorological Year) sites and a range of collector
(S —— optical efficienclias and heat-loss coeffi-
cients (12). CEmpirical performance correlations wera

|
|
Stesr Boner z Detailed descrintions of flat-plate, evacuatad-
J
|
|

f
|
Heat Transfer ] tube, and parabolic crough collectors are given in the
Fiuid Laoo ; handbook. Thousands of runs were made of the hour-hy-
|

Expansion Tank

R — developed by performing a nmultivariabla regression
Cig:::;:ﬂq analysis of the computer output. {Results are shown
in Tig. 53.) For a given collector and climate, the
Fig. 2a Uafired-Boiler Steam—Ganeratiag System user calculates the valua of the intenmsity ratio,
" gt -7 )
Stzam § P2l \Tiq = Ty 1y
~ Process - ’ -
\..:,\ncen:ratx:t;\ . F " Z

e Flasn B
\-/ Flasn Tanx
v Jaive where

i Recircuiated
Nater Fol, = slgpe of collactor efficiencr curve
' liinm-dag 2)
L J- T

™ S5 . = jverage innual irradiatina: tatal ori-
Y zontal “ov  flat onlacas and 2vacuacad
Tig. Z» ~Flasa=Steam Solar System tubes, direct acormal for troughs (W/a)

SAN 191983 viStoesl
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Filg. 4 Effect of Piring Rate of Auxiliary Boiler on
dnnual Znergy Savings for a Mixed-~Tank System

'f.'m = load—-return temperature (or saturated
steam temperature) (deg C)

?ad = average annual daytime ambient tampera-
ture (deg C).

Using this as the abcissa in_the graph, the user then
aoves vertically to the curve appropriate Ffor the
collegtor type_and site latitude. The ordinacs {s
then a./F3Fgialy for flat plates and evacuated Ctubes
and 3./FgFRno(Iy + 50) for troughs, where
:1_’ = average hourly energy collection (during
“  daylight hours) for the yaar (W/=")

g ® a corraction factor which accounts for
the »resence of a heat exchanger or the
particular affects of an unfired-hoiler
or flash-steam system (F. =1 for a
dirzet hot water systsem with no heat
axchanger).

Jultioiving the ordinate by the denominator gives
qe-fultiplying qe by 4380 (number of daylight hours in
a rear) and the collactor area gives the annual energy
colleczion of an ideal system (infinite storage or
constant collector ianlet temperature).

Tigure 5 assumes typical iacidence angle modiffers
for the various collactor types, but a means is
described in the handbook far correcting the LA value
based on the lncidence angle modifier curve of the
ccllector chosan. In addition, a simnle modification
af the Fn, and TpUy values allaws collactor arrav
supply and rcatura pioing lossas and daytime storage
losses to be <facluded. Correctinns for row-to-row
shadiag losses and parabolic trough end losses are
1isn 9rovided.

A simnle -nethod allows the ugser to calculate the
lirzest collaetar area possidle hefore storage is
n2edad, Targer colleceor areas would requira eneryy
Auaping, aad :the value of de would actually b»e the
2a2rzy dslivared Yy 3 svstem with Iafinite storage.
T3> acerunt “or storage effects, several 2raphs are
nrovidad which cover the three collector types and two
oad arofiles: 3 W dav, 7 days/week and 74 4/lav, 7
days/uaek. (Graphs for a 3-dav/week profila are being
developed.) in example is shown {n Fiz. 5.
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Where L = lattude in daqrees -
X = Foldy (Ta ~ ToiFnad)
UsaT = T, for Flat Plares ana Evacuaied Tubes
T = T, tor Trougns

Fig. 5 Graphical Determination °5 Yearly Average

Energy Collection Rate (W/a“) During Daylight
Hours for Unshaded ¥lat Plates, Evacuated
Tabes, and Parabolic Troughs as a Punctioa of
Intensity Ratio
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Several recent publications have addrassed part of
the oroblem. One report (7) provides a simole
procedure for estimating senerzv collection for a hot
water oreheating gsystam contaianlng 10 storage.
Another (8) o»rovides a1 computer-generaced design tool
Isr predicting energy collaction of a parabolic trough
array supplying heat to an unfirad-boiler system. And
a third (3) describes a aneans for predicting enerzy
collection by an array of oparaboliec trough or
stationary collectors for hot water and unfired-boiler
systems In Texas (based on results for three Taxas
cities).

The design handbook discussed in this paper,
Desizn Approaches for Solar Industrial Process Heat

Systems published in September 1982 (10), covers not
only energy collection but also provides a mesas of
predicting energy actually delivered to the load. It
also describes 1in detail the other important aspects
involved in the design of a solar IPH system. Items
coverad are gsuitability assessment, confizuration
alternacives, energy collection/delivery, energy
transport systems (pining, fluids, oumps, valves, heat
exchangers, and gstorage), controls, installation/
startup, economics and <costing, and safety and
environmental concerns.

The arrangement of the handhook allows the
desizner to first devise a rough conceptual design
(choosing a system configuration and collecter type
and estimating energy collectioun) to determine feasi-
bility and then creata the oreliminary design
(detailed energy calculations and sizing of subsystam
components). This paper summarizes the technical
issues addressed in the various sectioas of the
handbook .

SUTTABILITY ASSESSMENT

In considering the use of solar energy to supply
heat for an industrial process, it {s useful to con-
duct a brief preliminary study to determine whether 2a
solar energy system might be feasible. Environmental
factors, such as amount of solar radiation and (to a
lagser extent) ambient tamperatures, are obvious
iafliencas. nt as obvious are the affacts of plant
2f“luencs and ocher atmospheric pollutants on col-
laciar  nerformance, oarticularly ia the case of
IONCeNntTatars., Zxposure testing of samole aaterials
4t the ootential site [s highly recommended.

?rocess factors relevant to the performance of a
solar I?Y4 svstem include load-return tesmperature, load
schedule, 2ase of intarface, and location of available
land. Low=--amperature loads that operate seven days
per week and have high demand duriang daylight hours
are i{deal.

7€ course, economics olays a major role. 1If the
fuel currently being used to supply the procass heat
is expensive or subiect to curtallment, a solar energy
svstem will have a higher race of return. A plant
that as already {ncornorated all possihle economical
eneryy coaservation neasuras is more likely to con~-
sider the use of solar energy to further reduce costs.

Finallv, the iadividual company will greacly
leternine the success of the »oraject. An  in=house
engineering design Zeam could cut design costs, and an
avallabla naintenance staff can ansure smooch opera-
zion. Above all, nmanagement must h1ave a strong ilatar-
25t i1 the success of the project.

SYSTZM CONFIGURATION

Solar "ot water and steam svstems can %e config—
wred In 3 variety >f wavs. ©Orocass hot watar can [low
ilractly through the collactors ar he heitad »v a heat
axchangar, The {ollowing ({reeze-srotection svstams
ir2 nossidle: closed-liop use of 3 anonfreeziag fluid,
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X Load 3
’ Supply 3
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Tank
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Fig. la TFour-Pipe Storage Coufiguration

Dl Load
Supply
Mixed
Tank '
Load
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Pg. lb Two-Pipe Storage Configuratiom

wore

reaeT
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Volume
Hot
Tank o J———- Load Suppty
/===
t !
i 1
b — ! Loag Return
1
! vanacie voiume

Caid Tanx
{Not Neacea for
Cpen Loaa Looes)

Fig. lec Variable-Volume Storage Configuratioa

drain-out (disposal) of fluid 1f the collactors ara
pressurized, or draian-back to 2 solar scorage cank or
small reservoir. In addition, nighttime circulation
can be used in moderata climates.

If storage 13 used, the tvpical arrangement of a
single tank with two inlets and two outlets is simple
o control and {3 Zfne for a small load AT (sea
Fig. la). The inlet and outlec nipes zan Se comhined
into one =2ach allowiag for storaze =0 e Yypassed as
shown In Flz. 1%. This svstem offars somewhat hettar
performance but requires additional controls fo He
fully optimized.

Performance can Se Iinproved further Sy maiataining
a thermocline in the :ank. This can %e difficuls;
‘lowevar, an altarnative {3 to use a wvariabla=valume
zaak, as shown ia Tiz. le. “hether aor noc thers Is 1
load demand, iocad water can flow through the :9ilac—
tors o he heacad and stcored i{a the rariable=volume
tark. This %eeps the collactor {alac temperacurs it
the absolute aiaimum, shus naximizing arrav erffi-
zieney. (If the load loovp uses racirsulacine watar, a
varlabla=volume tank on the 2sllsceor in

lae 3ids ig



The user calculates q. 1, Ac/Q the rvacio
2f the averaze energy—coffgégiif :gtelg;d;n {afinite
storage svstem tOo the average load-demand rata to get
the abcissa. da mugt also determine =:two other
quantities:

e, t.q
("cn)s:or (‘ca)load ’n
irro M ITEee e
2 x L cx RL
where
(Mcp)stor - thermal capacitance of storage
(ﬁc ) = thermal capacirance load flow
p’load

rate.

The storage size, collector loss coefficient, and the
axtent to which the load is removing stored energy all
affact collactor performance.

The corresponding ordinate gives a correction fac-
tor that, when multiplied by the enargy collection for
the infinite storage system, will give the actual
energy collection for finite storage. 3By trying dif-
ferent values of (“cs)scor and comparing the resulting
energy collacted with storage cost, one can iter—
atively determine an optimum storage siza.

Although steady~-state opiping logsses <can bhe
included as part of the enerzy-collection calculation,
overnight heat losses and heat losses from a recircu-
lation fraeze-protection system must be detarmined.
Studies performed b»y the handbook authors indicace
that {n a correctly installed, well-insulated piping
system, the pipes will not lose all of their heat
overnight. Toss of half of the stored heat is a con-
servative assumaption. Assuming that the collactors
«“ill cool down all the way to ambient temperature
overnight is conservative for avacuated-tube collec-
tors and realistcic for the others. Finally, it is
ceasonable, though slightly conservative, to assume
that a properly insulated storage tank will lose heat
overnight at the rate of Ustot Astor(r P Ta), where
Tl,- is the load-return temperature. Tlus,

T

ovaraight

(Mepdoipe(Tl,r = Tan’ Yoper

heat loss ~ 3
T o - = 1
+ L Megleorl (T1,r = Tan) “sper
~ P 1
* Useordseor (1,0 = Ta2 16 ¥, (D)
where
xope' = aumber of days of system overation per
N vear (300 {3 a conservative assumption)
N, = aumher of days per vear the storage tank
h will He hot and lose heat {365 is a con-
servative assumption)

Tyq = average nighttime ambient tamperature.
I, = average tamperature outside storage tank.

The ficetor 15 ia the fimal tarm is the average number
a7 noaovaratioaal hours per day that the scorage tank
loses heat.

Tar systems using nighttime circulacinn for Sreeze
srataction, the average heat loss rates, when tha
swstam i3 {1 oneration, <can bte coaservatively
expragsed as:

(UAi + ULAC + UAO) (Ti -T )
Qy = Y - - T >
L ln(Ti ) Ln("L‘sec La)

whera

0 = heat loss rata (W)

Pl

=]
[}

ambient temperature when freeze protec—
tion is used (deg C)

Ty = recirculation fluid temperature (deg C)

UAL,UA = UA values of pilpes going to and from
collectors (including field pipes)

(W/R)
UL = heat’ loss coefficlent of collactors
(W/m==X)
A, = collector area (mz)
Tsec = tamperature set point for recirculacion
(deg C)

The value of 5r aust be mulitipliad by the aumber of
hours each year that the freeze-protection system will
bYe used. Since the set point will de above 0 deg €,
this #ill be a 1little higher than the aumber of hours
of freezing rtemperatures per year. Since the number
of days below freezing 13 readily available for most
sites, a correlation between hours of freazing per
year and freezing days was develoved to allow the user
to estimate the total annual freeze-protection loss.

For all calculations we have assumed that the
solar energy will be completely utilized by the pro~
cess and the collectors will never be down for repairs
during sunlight hours. The terms utilization and
availability account for deviations fSrom this ideal
situation. The handbook shows how to estimate these
effects. When one mulctiplies utilizacion by availa-
bilitv, one gets the overall systam capacity factor.
Multiplying the capacity factor by the energy deltv—
ered, a8 calculated above (enerzy collection minus
losses), results in a more realistic estimata.

ENERGY TRANSPORT SYSTEM

Piping .
The varfous fleld pipiang layouts shown i{n Fig. 7

(direct return, reverse return, and centar feed) are
discussed {n the handbook. (Vote that {n the reverse
return system the extra piping is on the cold side =o
ainimize heat losses.) It is recommended that pipes
Se sized to the erosion-~corrosion velocity limit,
since economic optimization studies have ragultad in
velocitias greater than this reasonable value.
Typical cthicknesses of pipe iasulation are given asg is
a means for detsrmining the economicalily optimua insu-
latfon thickness. Tables are supplied that zive the
UA values for differvent pipe sizes and insulacion
thicknesses. These UA values allow the calculation of
steady-stace and overnight piping losses.

deat Transfer Fluids

Manvy 174 svstam designers have sneat 3 gra2ac deal
of time aevaluaciag heat transfer “luids. aidvantages
and di{sadvantagas of =he various “eat traasfar “luids
ar2 discussad in the handboolk, and heat :raasfer 2f571-
cisncy Zactors (HTEF) are zisan. A comolate appendix
of fluid properties is included.
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Fig. 7 Solar Collector Fleld Layouts
Pamps
The wvarious types of centrifugal and positive

displacement pumps are discussed. A simple graphical
mathod for sizing the pump {s given including a caleu—
lation of the net positive suction head requirement.
The advantage in parasitic power savings of using a
variahla=speed pump is di{scussed. IP9 systam dasign~
ers have also "een rveducing narasitic power bv usliag
“wo oumps in parallel as shown in Fiz. A. 3v uasing
two Affferencly sized pumos, three sseeds are nossi-
hla; each pump can HYe gnerated alone or the =wo caa he
Jparatad together. This {3 ideal for sirtuations in
which startup head Ls significaacly diffarenc Irom
nor=al operation head.

Valves

Although valve selection for a solar eanerzy system
i{s similar to that Jor conventional systems, there are
some d4ifferences. =Zarly solar IPH systems were quite
congservative ian tarws of valve selection. A large
aumher »f {solation and throttling valves were used,
increasing the incidence of leakage and resultiag ina
larze thermal losses. Since maintenance can be
nperformed at the end of the day, one does notc need Zo
he able o (golate each collector row. Zliminating
isnlazion valves also reduces the number of pressura
calief wvalves naeedad. Anocher means of reducineg
theral losses and cost and improving realiapflity (s
to usa ovifice plates lascead of Halancing valves.

Jeat Zxchangers

Yos: ot the handbook discussion i3 hased on cthe
zse of 3hall and tube hear 2xchangers, aithough th
i1s@ of slate heat axchangers for avoiding laakage inco
the orocess "luid is also discussed. Two tube oasses
ind a4 sizzle shell »nass aras racommended f%or solar
aoplication. The ontimum flow capacitv rario (collec-
zor side to storage sid2) i3 given as 2.3 o 0,5,
“mich Iluid {3 on the zube side and whizh i3 cn the
shell side depends on :the situation. SGanarallry, =he

[P
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fluid that {s higher in pressure or tamperature, is
more subject to scaliaz, or has “ettar heat transfar
propertizs Is placed on the zube side. Since cthese
ira aot always consistent, =ngiaseriag iudgmen:t mus:
nftan he made.

“hen the optimum economical heat axchange area is
derived, the resulc {s a formulation of costs, collec~
tor area, and collactor heat loss coefficient as
follows:

Ay Fpipc..1l/2

= <)
c o X

where

- E -

)

A, = heat exchanger area (a°)
P)

A = collector area (m7)

Falp = product of collector heag removal factor
and loss coefficient (W/a~-ieg C)

U, = heat eaxchanger overall heat
coefficient based on extarior
face (W/m“-deg C)

cransfer
tube sur-

~

5
C, = cost of collectors (3/m~)

Ce = cost of heat exchanger (s/a%).

The optimum area will often <result in a DeWintar
heat axchaanger factor of Fx = 1,95, which multiplies
the Fg value; i.e., the heat exchanger will cause a 5%
reduction in energy collection.

o

Pumo t

Pumo?2

tead ———v

Piz. 83 Head-Flow Curves for Two Cantrifugal Pumps 12

Parallel



Storage

Both gensidle and latant heat storage are discus-—
sed. Thea various types of tanks available and suit-
able storage locatlons are descrided. (Actual tank
sizing is di{scussed in the 2nergy collaction/delivery
sactloa.) Details of a method (1l3) of decermining the
optinum amount of tank insulation are described. Thais
{s an iterative procadure, which accounts for insula-
tion cost and storage tank temperature.

CONTROLS

The handhook discusses the various types of
controllers and control loops. Although constant flow
rate 1s satisfactory for most solar energy applica-
tions, the use of variable flow is discussed. Use of
a throttling valve with a two-speed pump 1s the
prafarred method for controlling outlet temperature.
A method 1is provided for determining the proper
controller tuning constants.

Startup/shutdown of collactor field tracking or
nontracking is discussed. Tigure 9 shows a typilcal
tracking coantrol flow chart. Freezing/stagnaciocn
protection must also he included in the control capa=-
biliecy. To pravent thermal shock damage to evacuated-
tube arrays, the control system must lock out pump
startup when the collactors have been “stagnatiag in
the sun. The control system must he capable of haund-
ling emergency conditions, such as low f£flow, high
temperature, or high wind.
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7iz. 9 Typical Tracking Coatrol Plow Chart
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Tnstrunentation and data acquisition ara needed to
enahle the plant owner to assess solar energy system
parformance, The instruments required to measure flow
rate, tamperature, pressura, iad level are similar to
those requirad for nonsolar systems though longer wire
rung Are cormmon. To detarmine solar radlation on the
plane of a trough, it {3 recommended that two
pyranometars, one total and one shadow band, be
mounted on a *trough. The diract radiation is the
difference between the two. This gystem is reliable
(provided the row containing the pyranometers 1is
tracking) since the shadow band never needs to be
adjusted (as a result of the tracking motion of the
collector). Although a pyrheliometear is more accu-
rate, it requires considerably more maintenance.

If the budget permits, a mianicomputer 1s useful
for data acquisition since it can instantly provide
calculated data, such as collector arrvay efficiency.
All equipment should he sheltered from dust, steam,
water leaks, vibration, and direct sunlighet. BRactery
backup will maintain memory during power outages.

INSTALLATION AND STARTUP

Considerahle attention st bde paid to proper
installation of the collector array. Tlat-plate and
evacuated-tube collectors should be coverad during
installation to preveant stagnation. Allowance for
thermal expansion of the »niping and provision for ade=-
quate slope {n drainable systems are important.

Proper installation of line~focus collectors is
ceritical for achieving correct aligmment for focusing.
The support structura must he very tigid to ensure
accurate tracking in windy weather. Flexhoses are a
point of weakness, and overflaexing and torsional
strasses must be avoided.

Solar 3ystem piping mustz have adequate allowance
for the tharmal expansion associated with wide thermal
cycling. Pipe hangers and supports should be isolatad
from hot pipes to prevent heatc loss (see Tig. 10).
7alves in an oil system should be fnstalled horizon=-
tally so that leaks will not drip into the insulation.
“here a leak {s possihle, a nonwetting insulation such
2s foamed glass should Se employed to raduce the risk
of fire.
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Pumps
service due
shutdown. Correc: zligmment of
critical.
against svstem Jdowntime,

Tamparatura svstams.

narticularly

in 3o0lar systems are subjected to saveres
to thermal cycling and daily scartup and
the nump and mnotor is
Redundant pumps are racommended to protec:t

for high-

Proper checkout and sfartup procedures are essen-

Before initial

An extra fine scresen should be used to
should be cleared

zfal to ensure rcrellable operation.

stacrtup, all lines should be flushed and pumps should
he rum ia.

protect the pump {initially and

often. Pressure testiang of the system should be per-
formed. Tyvically, this 1s done at 1507

design pressure.
a pneumatic one.
Fluid loading

zones that can be isolated between valves.

of gsystem

A hydrostatic tast is praferred over

should occur sequentially within

Youtrack-

ing collaectors should he filled during periods of low

insolation.

If oil 1is being used,

a vacuum should

first bhe pullad oa the gystem or a nitrogen purge

should he used.

At the time of startup the 3system should be care-

fully checked for and

should he monirzored.

leaks,

all
In the case of trackers,

instrumentation
track=-

ing accuracy should be checked and final adjustments

made.
power failure,

insolation, atc.
proper system respoase.
performance testing should
first days of system operation.

excassive wind

Table 1

Simulaeion of pump failure,
speed,
should be carried out to check for
When startup s completed,
be performed during

overtamperature,
insufficient

the
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A checkout list {s given 1ia the handbook. Proper
syatem checkout should proceed aloung system lines so
that construction logic can he checked. The piping
and instrumentation diagram and system specifications
should be checked off during iaspac:tion.

ECONOMICS AND COSTING

The IPY handbook oresents two cost~estimating
approaches. The first nethod uses tabulated rasults

from recent studies of IPH system costs by Muellar
Assaciates, Inc. (14). Table 1 shows typical costs
and ranges for various IPH subsystems. Conditions
that affect these costs, such as sloped versus flat
roof, internal versus external headers, are discus=-
sed. Since some economy of scale has heen aoted in
large 3systems, a graph of corraction factor versus
collector area {3 given.

The seacond method, called modular cost estimating,
is hased on a computer costing orogram, ECOMMAT,
developed at SERI (15). This method calculates total
system cost using a number of multiplicative factors
aoplied to the collector cost. Nme factor accounts
for process interface macerials, another accounts for
engineering design costs, etc.

The nethod of life-cycle cost analysis described
in the handbook was dJdeveloved hy Dickinson and 3rown
(15). With this method, one first calculates the lav—
elized price of convencional Ffuel, includiag Ffuel
ascalation and fuel urilization efficiency. The lev—
elized price of solar 2ner3zy {s then calculatad based
on initial investment, annual enerzy capacity cost,

Conceptual Phase Cost-fZstimating Guide

(Includes macerials, labor, contractor's
overhead and profit in 1981 dollars)

- Cost Typical
Subsystem Category Range Cost Units
Collector arravy  Site-built 65~-130 110 .
Liquid flat plate 130-215 160 3/n”
Alr flat plate 150-239 195 collactor araa
Tvacuated tubes 250-125 2cH
Tracking concentrator 213-430 33
Support Siagle function 30~160 as ) 3/a”
structure Mltiple funczisna 75=270 160 § collactor irea
Energy dot watar 35-185 150 s
transport Liquid-to~air heat 170-325 235 3/a~
Alr heating 55-195 110 collactor area
Steam 110-325 195
Aeacing and cooling 215-540 375
Storage Unpressurized steel 0.20-0.77 0.45
(liquid) tank
Pressurizad stzel 7.53~1.80 0.77 $/licer
tank
Fiberglass rank 0.43=0.66 0.532
Storage (air) Rock Sin 110=220 1350 ! $/1200 kg rocks
Zlectrical and dot watar 20-55 29 R
controls “iquid-to-air heact 30-95 53 5/a=
Alr heatiag 2035 43 zollaetar area
Steam 20~195 30
leatiag and coollag 15=-215 LI
General /A =150 a5 3/m"

congtruction

enllecrtor arza

Source:



d4i{scount rate, O0O&M costs, and taxes and Insurance
casts. By equating the levelized prices of coaven-
tional fuel aad solar enerzy, the project rate of
return can Ye zraochically datermined.

Since coaventional finaacing ac todav's solar
energy svstem prices will often result fa a less than
favorable rate of raturm, the handbook briefly discus-
ses altarnative financing arrangements. This includes
leasing arrangements and limited partnerships. The
user 1s cautioned to consult a qualified tax con-
sultant before pursuing any of these arrvangements,
however.

SAFETY AND ENVIRONMENTAL ISSUES

Though solar energy systems are generally
considered benign, there are certain {ssues pertinent
to this technology that =must bde addressed. In the
area of safaty, it should be noted that heat transfer
fluids are often highly flammable and, {a fact,
saveral fires ian TPY gsystems have occurred. Proper
use of {nsulation and 1installacion of valves are
agsential.

The fluids can also be highly toxic, and when this
{3 the <case care must be taken to prevent con-
tamination of opotabla wateras in a food-processline.
Nvartemoerature and pressura can result in scalding
discharge from relief valves, and these should be
locatad or piped in such a way as to safaguard person-
nel. Physical hazards, such as high-temperature re-
ceivers, concentrated sunlignt, and ice fall-off from
alevated collectors must te addressed.

Potentially damaging enviroamencal Impacts of a
solar energy system can arise from the use of herbi-
cide to clean a field before collector inscallacion,
disruption of the land after installation, and leaks
and disposal af heat transfer fluid. A summary of
environmental regulacions i3 included in the handbook.

CLOSING REMARKS

This naper merely skizms the surface of the design
zethodology described in the 450-page handbook. Hope-
fullr, this discussion serres as a useful summary for
those incerastad {1 the :dasign 1spects of solar IPH
svstams, and as a 7ood intrnduction for those
iatanding to use the handbook.
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